In this work, the substrate, NiCr coating, Al 2 O 3 coating with NiCr undercoating and Al 2 O 3 coating were tested by an impact indentation device equipped with an acoustic emission (AE) detection equipment. The surface morphology, dimension, cross-sectional image, 3D topography of indention and bonding strength of coatings were analyzed. The failure mechanism and AE signal characteristics of the coatings under impact were studied. The results demonstrate that the failure mode of NiCr coating was dominated by interface cracking, and that of Al 2 O 3 coating is fracture and accompanied by a small amount of interface cracking, while Al 2 O 3 coating with NiCr undercoating possesses common characteristics of the first two. The energy counting and wave voltage of AE signal were more sensitive to the bonding strength of coating in the impact process, which can be used to characterize the bonding strength of coating.
Introduction
Thermal spraying technique has been widely used in various mechanical parts as a surface modification technique. Because of the combination between the coating and the substrate is mainly mechanical bonding, the bonding strength of coating is usually taken as one of the most important indexes to evaluate the coating's quality. The methods available today to test bonding strength of coating are mainly tensile method [1] , scratch method [2] , bending method [3] , shearing method [4] , etc. However, all of these methods need to prepare specialized samples for indirect test on the testing machine, so they cannot be used for field direct test.
Song [5] proposed that an ideal method to detect the bonding strength of coating needs to meet at least two basic conditions: one is the model that characterizes the failure between the coating and the substrate; the other is the characteristic parameters which can response to the failure of the coating. Based on this idea, we have adopted the approach of "static load indentation + AE detection" to measure the bonding strength of coating, which can provide theoretical basis and experimental support for "indentation method +AE detection " [6] [7] [8] . In previous research, which we have carried out, we demonstrated that the process of static load indentation was too moderate to induce the failure of the coating effectively, which led to the extracted signal showing greater dispersion. Therefore, the impact indentation method was adopted in this work, which was easy to induce the failure of the coating and reduce the dispersion of the AE signals.
In this work, high efficiency supersonic plasma spraying system was employed to prepare three types of coatings, namely the metal coating (NiCr), ceramic coating with the undercoating (NiCr as transition coating and Al 2 O 3 as working coating) and Al 2 O 3 coating, whose bonding strength varies greatly. Subsequently, impact indentation method was used to evaluate the bonding strength of the above coatings, whereupon the relationship between the failure mechanism of coatings and acoustic emission (AE) signal characteristics under impact condition were studied. This study has important reference value for coating field detection. Figure 1 . Prior to spraying, the surface of substrate was cleaned with an acetone solution and sandblasted [11] . In this experiment, "#"spraying path was applied on the specimen. The spraying parameters are listed in Table 1 .
Impact indentation and extraction of AE signal
In this experiment, the 120 ∘ cemented carbide indenter was impacted by the 1 Kg of mass, which freely fell from a height of 400mm. During the process, crack originated and the failure of the coating was induced. Since the indenter was small, it was necessary to make an indenter cover to fix it. The indenter should be connected closely with the indenter cover; in addition, sliding or friction should be avoided. The bottom of weights and the top of indenter should be adhered by rubber with the thickness of 8mm in order to avoid interference signals produced by metal impact. In order to ensure the reliability of AE signals, a five-group impact indentation tests on each sample were conducted. The process of impact indentation was monitored in real time by PCI -2 type AE monitoring equipment, which was produced by Physical Acoustics Corporation. The sensor probe and the sample surface was pasted closely by vacuum coupling agent The distance between probe and the impact point was about 15 mm, the model of sensor was Nano30, the gain of pre-amplifier was 40 dB, the software of data acquisition was AEwin, threshold value was 55 dB (only record the signals over more than 55 dB). The working principle of test equipment is shown in Figure 2 . During the experiment, the sample need to be moved to the next position after a point signal has been collected. 
Observation of indentation and treatment of AE signal
An scanning electron microscope (SEM) was used to observe the surface and cross section morphology of indentation. The 3D topography and dimension of the indentation were observed by a 3D profilometer. The AE signal data was processed by Origin software.
3 Experimental results and analysis 3.1 Analysis of indentation topography of the coating 3.1.1 SEM morphology of the coating indentation edge Figure 3 shows the indentation surface morphology measured by SEM. It is shown that the indentation edges of substrate was more regular, while NiCr coating was slightly rough, and Al 2 O 3 ceramic coating with NiCr undercoating was relatively coarse accompanied by cracking and spalling. But in terms of Al 2 O 3 ceramic coating, there were large areas of spallings. The difference of indentation surface morphology of these four samples are due to the hardness of the substrate, NiCr coating, Al 2 O 3 ceramic coating with NiCr undercoating and Al 2 O 3 coating increased sequentially. Moreover, the bonding strength of them decreased successively [20] .
The bonding strength of NiCr coating was better. The combination of Al 2 O 3 ceramic coating with NiCr undercoating consists of two parts: one is the combination between NiCr undercoating and substrate, the other is the combination between NiCr undercoating and Al 2 O 3 coating. As a whole, the combination of Al 2 O 3 ceramic coating with NiCr undercoating was weaker than that of NiCr coating. As the bonding strength of hard coating can be improved effectively by the transition coating or undercoating [13] , the bonding strength of Al 2 O 3 ceramic coating with NiCr undercoating was higher than that of Al 2 O 3 ceramic coating. By virtue of lower hardness and better plasticity, the edge of the substrate was relatively regular when impacted. NiCr coating owning higher hardness and lower plasticity than that of the substrate was liable to fracture at the edge of the coating, so the edge was a little coarse. The surface hardness of the Al 2 O 3 ceramic coating with NiCr undercoating was higher and the plasticity was worse, so serious fracture was produced in the impact process, which led to rougher indentation edge. In addition, due to the bonding strength between the Al 2 O 3 ceramic coating and NiCr undercoating is poor, a certain cracks appeared between the working coating and the transition coating, which led to a certain spalling at the edge of the indentation. Because of the bonding strength of the Al 2 O 3 ceramic coating was very low, serious cracking occurred between the coating and substrate during the impact process, which eventually led to a large area of spalling at the edge of the indentation. Figure 4 shows a 3D topography of indentation. It was evident that the indentation edge of the substrate was smooth, and there was almost no bulge, which was attributed to low hardness and good plasticity of the substrate. There was local bulge at the indentation edge of NiCr coating, and the reasons are as follows: firstly, the coating was subjected to impact indentation to produce plastic deformation, the internal coating of the indentation was extruded to the edge, thus a certain bulge was produced; secondly, cracking was produced between indentation edge of the coating and the substrate, which led to the tilting upwards and local bulge of the coating. A wide range of bulges emerged on the indentation edge of Al 2 O 3 ceramic coating with NiCr undercoating. This was because the bonding strength between Al 2 O 3 coating surface and NiCr undercoating was insufficient. A certain cracks and spallings between the coating and the undercoating were produced under impact indentation, which resulted in a larger range of bulge at the indentation edge. The indentation edge of the Al 2 O 3 ceramic coating had a wider range of bulges because there was no transition coating between Al 2 O 3 coating and substrate, leading to a large area of cracking and spalling were produced between the coating and the substrate under impact indentation. Table 2 shows the indentation size detected by the 3D profilometer. As shown in Table 2 , Figure 3 and Figure 4 with NiCr undercoating, the indentation size of the former was larger. The reason is that the poor bonding strength between the coating and the substrate led to the greater cracking tendency, which failed to provide greater resistance for the indenter. Figure 5 shows a quality standard obtained from a German engineer manual to measure bonding strength of coatings by indentation method. In this figure, HF-1~HF-4 indicated that the bonding strength of the coating was sufficient, while HF-5~HF-6 indicated that strength was insufficient. If the indentation surface morphology and 3D topography of the coating in Figure 3 and Figure 4 were compared with the quality standard of bonding strength in Fig- Figure 6 shows the cross section of the micro-structure of the substrate, NiCr coating, Al 2 O 3 coating with NiCr undercoating and Al 2 O 3 coating, respectively. As indicated in the figure, there was no cracking in the substrate indentation, but a certain number of bulges could be observed. The reason is that the hardness of substrate was lower and the plasticity was better, which led to a larger plastic deformation when impacted. In the impact process, the substrate materials of indentation was extruded to the edge, and a certain bulges were produced ( Figure 7) . But owing to the degree of bulges were small, the bulges were difficult to be observed under SEM and 3D profilometer. Cracking was produced around the NiCr coating indentation, because the NiCr coating at the indentation edge uplifted during the impact process, which produced greater transverse shear stress and longitudinal tensile stress, and because of the low hardness and good plasticity of this metal coating, fracture was not easy to produce, but cracking occurred between the coating and the substrate. Both cracking and fracture were observed at the indentation edge of Al 2 O 3 ceramic coating, the reason for which was the center of the indentation was subjected to greater impact compressive stress, and due to the Al 2 O 3 coating possessed higher hardness and greater brittleness, fracture was produced under the stress. Because of the process of fracture is accompanied by a certain stress release, cracking was observed near the fracture position. There were three failure positions in Al 2 O 3 coating with NiCr undercoating. The first was fracture of Al 2 O 3 coating itself at the edge of indentation; the second was cracking between the surface Al 2 O 3 coating and the NiCr undercoating near the edge of indentation; and the third was the cracking between the NiCr undercoating and the substrate around the indentation. The reason for that was the coating not only contains Al 2 O 3 coating with higher hardness and greater brittleness, but also NiCr undercoating with low hardness and good plasticity. When they were subject to impact indentation stress, Al 2 O 3 coating with higher hardness and greater brittleness would produce fracture, which resulted in stress release, so Al 2 O 3 coating and NiCr undercoating cracked once again near the fracture position. At the same time; cracking appeared between the substrate and the NiCr undercoating with lower hardness and better plasticity under the action of transverse shear stress and longitudinal tensile stress. in the impact indentation process. The Y-axis represents AE energy counting and AE amplitude signal, and the Xaxis represents time. As shown in the figure, the energy counting produced by the substrate was 400-800, and the amplitude was 70-90dB. There were a number of noise signals, which were from weight impacting the indenter, indenter impacting the substrate and the deformation of the substrate. During the impact process, the AE signals produced by the substrate can be used as a reference standard and compared with the AE signals produced by the coating. After the interference signals having been filtered out, the real cracking and fracture signals of the coating were extracted. During the impact process, the energy counting of NiCr coating was about 1000~1500 and the amplitude was 80~85dB; Al 2 O 3 coating with NiCr undercoating about 2000~4000, and the amplitude about 90~99dB; Al 2 O 3 coating about 5000~10000 and the amplitude reached maximum, which was about 99dB. The energy counting of coatings were higher than that of substrate obviously and the higher part could be regarded as the signal of coating cracking and fracture. Compared with NiCr coating, the energy counting of Al 2 O 3 coating was obviously larger. There were two reasons for this phenomenon: firstly, the hardness and brittleness of Al 2 O 3 coating was larger, so the energy was larger during the impact process; secondly, the combination of the Al 2 O 3 coating was poor and the cracking was more serious, so the energy counting was larger. Compared with the Al 2 O 3 coating with NiCr undercoating, the energy counting of Al 2 O 3 coating was more obvious although the hardness of them was identical. The reason was that the bonding strength of Al 2 O 3 coating is lower, the cracking and fracture was more serious, so the energy counting was larger. Generally, in the impact process, the energy counting was affected by the bonding strength and hardness of coating, but the bonding strength had a greater influence on the energy counting [20] . Table 3 shows the wave voltage values of AE signals; the second wave of AE signals of each coating was extracted and was shown in Figure 9 . It can be seen from Table 3 and Figure 9 that the wave voltage of substrate was about 0.4~0.7V, NiCr coating was about 1V, Al 2 O 3 coating with NiCr undercoating was about 4~6V, and the Al 2 O 3 coating reached the highest value, which was about 9~9.9V. The reasons for the difference of wave voltages was similar to that of energy counting. To some extent, the wave voltage was affected by hardness of the coating, but it mainly affected by bonding strength. The bonding strength of substrate, NiCr coating, Al 2 O 3 coating with NiCr undercoating and Al 2 O 3 coating decreased gradually, the cracking and fracture degree of coating increased successively, so the stress wave in the process of cracking and fracture increased in turn, and the wave voltage of the corresponding AE signals increased in turn as well. When comparing the bonding strength and AE signals of the above four samples, it was evident that the bonding strength of them decreased in turn, but the AE signals increased in turn, among which the energy counting and wave voltage were more sensitive to the variation of bonding strength [11] . So it can be concluded that the bonding strength of the coating was related to energy counting and wave voltage of AE signals, and the greater the bonding strength of the coating was, the smaller will be the energy counting and wave voltage.
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Conclusions
In this paper, the bonding strength of NiCr coating, Al 2 O 3 coating with NiCr undercoating and Al 2 O 3 coating were studied using impact indentation method, whereupon the relationship between the failure mechanism of coatings and acoustic emission signal characteristics under impact condition was studied. The following conclusions can be drawn:
1 Through analysis of the surface morphology and 3D topography of the indentation, it was found that the cracking and spalling degree of substrate, NiCr coating, Al 2 O 3 coating with NiCr undercoating and Al 2 O 3 coating at the edge of indentation increased sequentially, and the bond strength reduced successively. 2 The analysis of micromorphology of the indentation section shows that local cracking of the interface or internal coating could be effectively induced by impact indentation method, and the cracking mechanism of these coatings are different. The failure mode of NiCr coating was dominated by interface cracking, and that of Al 2 O 3 coating is fracture and is accompanied by a small amount of interface cracking, while Al 2 O 3 coating with NiCr undercoating possesses common characteristics of the first two. 3 The bonding strength of the coating was related to AE signal produced in the impact process. The greater the bonding strength of the coating was, the smaller were the energy counting, the amplitude and the wave voltages. The energy counting and wave voltage were more sensitive to the variation of bond strength, which were suitable for characterizing the bond strength of coatings. In a word, the impact indentation method accompanied with acoustic emission technology is feasible to characterize the bonding strength of the coating in the field.
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